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ARTICLEINFO ABSTRACT 


Handling Editor: Dr. M Dienwiebel In automotive industry, most of the moving components and lubricants are currently being reengineered in order 


to meet the much harsher operating conditions of electric vehicles (EVs). Diamond-like carbon (DLC) coatings 


Keywords: have been widely used in automotive field mainly because of their lower friction and wear coefficients, high 
st coating chemical inertness, corrosion resistance, and hardness. It is also possible that DLC coatings can afford very 
Electrification 


desirable tribological properties to the bearings and gears of electric vehicles. In addition, their superior 
dielectric properties could also be very ideal for such applications. In EVs, current leakages in the powertrain are 
very common and these can adversely impact the tribological behavior of bearings and/or other moving me- 
chanical elements. Although DLC coatings provide superior tribological performance in IC engine applications, 
they have not yet been evaluated under electrified sliding conditions of EVs. In this work, two different types of 
DLC coatings (Hydrogenated DLC (H-DLC) and hydrogen-free DLC (H-free DLC) were produced on AISI 52100 
steel substrates and tested using a ball-on-disc tribometer under non-electrified and electrified (DC, 3A) both dry 
and lubricated sliding conditions. Coefficient of friction (CoF), wear volumes, wear modes and mechanisms have 
been assessed and reported. The results showed that electrification can cause a decrease in CoF for baseline steel- 
on-steel contacts, but an increase for H-free DLC in lubricated condition. The change in CoF of H-DLC interface 
was negligible. However, electrification caused a significant increase in the wear volume of steel-on-steel and H- 
free DLC-coated surfaces, but little or no wear was observed for the H-DLC-coated cases in both dry and lubri- 
cated test conditions. Overall, the tribological behavior of H-DLC was almost unaffected by electrification, 
suggesting that one has to select the right kind of DLC for applications involving electrified contact conditions. 


Bearing material 
Friction and wear 
Lubrication 


1. Introduction 


The damaging effects of electric current discharges (primarily caused 
by shaft voltages and currents) on moving parts (e.g., bearings, seals, 
pads, and gears) of electric machines (such as electric motors and gen- 
erators) have been observed in the past and investigated experimentally 
since the early 1900s [1-5]. Shaft voltages and currents with variable 
intensity and duration typically originate from magnetic flux asymmetry 
and inverter-induced voltage fluctuations as well as electrostatic charge 
build-ups due to triboelectrification [6]. Previous investigators have 
shown that such shaft voltages and currents may give rise to premature 
failures in the tribological elements due to a number of wear mecha- 
nisms (such as fluting, electrical pitting, tribo-oxidation and -corrosion, 
frosting and corrugation) being triggered in addition to more common 
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adhesive and abrasive wear damage [6,7]. These all have been reported 
to significantly reduce the lifetime of rolling bearings and hence short- 
ening the service life of electric machines [1,7-11]. As a reference, more 
than 40% of electric motor failures are attributed to such problems in 
bearings [12,13]. 

Until recently, there have been various methods for resolving these 
problems in rolling bearings caused by contact electrification. These 
include modifying the electric wire or cable shielding, redesigning the 
grounding of the motor housing, using single-phase filters or an elec- 
tromagnetic shield between the stator and rotor, better grounding the 
rotor, or using advanced lubricants with very high dielectric constants or 
non-conductive couplings. Nevertheless, one of the simplest and most 
classical methods for disrupting the shaft currents has been the insu- 
lation of the bearings, which is typically achieved by installing an 
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insulating shield in the bearing housing bore or by insulating the bearing 
itself; the last being the simplest and most efficient method [14]. 
Isolating bearings can be achieved either by adding a ceramic coating to 
the outer diameter of the outer ring or the bore of the inner ring or by 
using rolling elements made out of ceramics (i.e., by means of 
hybrid/full ceramic bearings) [15-17]. 

During the last decades, diamond-like carbon (DLC) coatings have 
been developed, optimized, and demonstrated to be one of the most 
effective self-lubricating coatings for different types of tribological ap- 
plications, including different types of drivetrain components including 
tappets, gears, connecting rods, piston rings, and bearings [18-23]. 
These coatings are mostly carbon-based typically deposited on metallic 
substrates as thin solid films by physical or chemical vapor deposition 
(PVD or CVD) methods at relatively low temperatures. DLC coatings 
could be made super-slick and -hard. Also, they are inert and can exhibit 
very high electrical resistivity typically in the range of 10°-10!° Q cm, 
depending on the type of DLC being used [24,25]. There are various 
types of DLC coatings in the market, but the most popular and effective 
ones used for tribological applications are hydrogenated amorphous 
carbon (a-C:H) (H-DLC) and hydrogen-free tetrahedral amorphous car- 
bon (ta-C) (H-free DLC) coatings [26]. H-DLC coatings (hardness in the 
range of 15-50 GPa [27]) consist of an amorphous structure composed 
of strongly bonded random carbon-carbon and carbon-hydrogen 
network with mainly sp? (graphitic-like) and sp? (diamond-like) type 
bonding. H-free DLC coatings (hardness in the range of 30-80 GPa [28]) 
have a hydrogen free random carbon-carbon network which is mostly 
sp? hybridized. They are deposited from pure carbon targets using 
filtered vacuum arc [27] or by pulsed laser deposition [28]. Above all, 
H-free DLCs have some advantages over H-DLC, namely, higher hard- 
ness, lower friction coefficient in humid air, and higher thermal stability 
[29,30]. Due to their highly electrical insulating properties, both H-DLC 
and H-free DLC coatings could also be excellent candidates for bearings 
for EVs applications, especially those being subjected to electrical dis- 
charges [31]. However, to the best of our knowledge, DLC coatings have 
never been evaluated under electrified sliding conditions. Thus, this 
paper focuses on investigating the tribological behavior of both H-DLC 
and H-free DLC coatings under electrified dry and lubricated sliding 
conditions using a ball-on-disc tester instrumented as a two-electrode 
cell. 


2. Experimental details 
2.1. Materials and method 


The hydrogenated DLC (H-DLC) films tested in this study were 
deposited on AISI-52100 steel balls and disks at room temperature by a 
plasma enhanced chemical vapor deposition process that used CH4 as 
the gas precursor. Hydrogen-free DLC (H-free DLC) or (tetrahedral 
amorphous carbon (ta-C) with no hydrogen) was grown by an arc-PVD 
process. Both coatings were ~1 m-thick. Details of the H-DLC and H- 
free DLC film deposition processes can be found in Ref. [32,33]. The 
DLC-coated steel test pairs were tested in a ball-on disk tribometer 
(Anton Paar, TRB3) instrumented and adapted to operate as a 
two-electrode cell to provide a controllable and isolated electrified 
sliding contact, as illustrated in Fig. 1. The tests were run in ambient air 
at room temperature with and without electrification under the condi- 
tions given in Table 1. Considering that both DC and AC electric motors 
can be implemented in modern EVs [31], we chosen DC current in this 
research work. Moreover, according to several trials during the set-up 
design and arrangement, we found DC current to be suitable as a sim- 
ple electrical system to discover the effect of a well-controlled or con- 
stant current (a simple electrical system arrangement) on the 
tribological behavior of dry and lubricated tribopairs. Besides, although 
short circuit like stray currents with amplitudes from 0.2 to 1.4 A have 
been reported to occur in in 1.5 kW induction motors [34], we selected 
3A to accelerate the deleterious effect of current discharge or passage 
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Fig. 1. Schematic view of the pin-on-disc set-up used for the unelectrified and 
electrified testing. 


Table 1 

Tribological test conditions. 
Condition Dry Lubricated 
Oil quantity per test (mL) - 12 
Load (N) 5 10 
Speed (m/s) 0.1 0.2 
Temperature (°C) 22.541 225+1 
Sliding distance (m) 100 4320 
DC Current (A) 0,3 0,3 
Test repeats 2 3 


through the interfaces and generate a quick significant difference in 
wear and CoF under the sliding distances stated in most of the cases. The 
conditions were carefully determined from several pretesting trials to 
generate boundary lubrication regime for all the experiments. As a 
reference, the uncoated AISI52100 steel balls and disks were also used 
and the test loads (5 and 10 N for dry and lubricated conditions, 
respectively) produced maximum Hertzian pressures of 0.8 and 1 GPa, 
respectively. Due to their very thin nature (only ~1 pm thick), DLC 
coatings are not expected to alter these contact pressures. 

For the electrified testing, considering that there are still no standard 
methods or testers to perform tribological tests under electric environ- 
ments, we developed our own set-up and method. Hence, a predefined 
electrical DC current was applied to the contact interface during the 
whole test using a DC power supply device (Keithley, 2230-30-1). The 
device is connected to the ball and disc holders (conductive), respec- 
tively. A fixed wire was used for connecting to the ball holder while a 
carbon brush was used for connecting to the rotating disc holder. The 
coefficient of friction (CoF) is measured and logged into by a data 
acquisition software for post test analyses. The lubricated tests were 
conducted at room temperature using a mineral base oil (Group II). This 
oil was selected mainly because it is one of most widely used base oils 
with a desirable range of viscosity and other physical properties as well 
as cost competitiveness in automotive applications, in particular the 
powertrains [31]. After tests, the balls and disks were removed from the 
tribometer and the structural chemistry of the rubbing surfaces was 
analyzed by micro-laser Raman technique and using a non-contact op- 
tical profilometer (Bruker, Contour GTK) and a SEM microscope (JEOL, 
JSM-IT200). Raman spectra of the films were measured with a Renishaw 
Raman microscope employing a UV laser at 532 nm with an output 
power of 50 mW focused to a spot size of ~2 um. 


3. Results and discussion 
3.1. Dry condition 


Fig. 2 shows the dry sliding friction and wear test results obtained 
from the baseline steel, H-DLC and H-free DLC-coated samples under 
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Fig. 2. Tribological results for the steel, H-DLC and H-free DLC samples under dry sliding conditions with and without electrification: (a) coefficient of friction; (b) 


wear volume on ball samples. 


unelectrified and electrified test conditions. The CoF of test pairs do not 
vary much with electrification. For steel, CoF goes up slightly, while for 
H-DLC and H-free DLC coated test pairs it decreases a little. As for the 
wear performance in Fig. 2b, a significant difference in wear volumes for 
steel and H-free DLC-coated balls occurs in the presence or absence of 
electricity during tests. However, there is little or no wear on the H-DLC- 
coated balls regardless of electrification. Essentially, these samples un- 
derwent unmeasurable amounts of wear damage with or without elec- 
trification. Fig. 3 shows the actual frictional traces for all three test pairs. 
Evidently, friction is rather unstable and fluctuates substantially for steel 
and H-free DLC-coated test pairs under both the electrified and un- 
electrified test conditions. As for the H-DLC coated test pairs, the fric- 
tional trace is much smoother and somewhat lower especially under the 
electrified test conditions. 

Fig. 4 shows SEM images of wear tracks formed on H-free DLC coated 
disk samples under unelectrified and electrified dry sliding test condi- 
tions. The negligible scars produced on the H-DLC by both unelectrified 
and electrified conditions were even imperceptible by SEM and optical 
profilometer, hence were not included in this Figure. However, as shown 
in this Figure, the wear damage on H-free DLC-coated disk under elec- 
trified condition was rather severe. Specifically, the coating was totally 
removed from the surface during the tests in both unelectrified and 
electrified cases but the extent of removal of the coating was far more 
extensive in the case of electrified sliding; confirming that electrification 
is indeed very detrimental to the wear behavior of H-free DLC. 


Unelectrified test ~~ Eelectrified test 
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3.2. Lubricated condition 


Fig. 5 presents the friction and wear test results of base steel, H-DLC- 
and H-free DLC-coated test pairs under lubricated sliding conditions. 
Unlike the dry tests, uncoated steel test pair shows somewhat reduced 
friction coefficient under electrification; i.e., its friction coefficient 
comes down from about 0.14 to about 0.11 under electrification. In the 
cases of coated samples, the opposite was observed, that is the friction 
coefficients increased with electrification. As for their wear perfor- 
mance, the wear volume of uncoated steel balls increased somewhat 
when tested under electrified condition, whereas, there was not much 
wear on the H-DLC coated balls under both electrified and unelectrified 
test conditions. In the case of H-free DLC-coated balls, the wear volume 
increased dramatically. Fig. 6 compares the frictional traces of all test 
pairs under both unelectrified and electrified test conditions. The fric- 
tion of uncoated steel test pairs fluctuates significantly, suggesting 
perhaps a high degree of stick-slip behavior, while those of the DLC- 
coated test pairs are somewhat smoother and steadier, especially in 
the case of H-DLC coated test pairs. 

Fig. 7 shows the condition of wear tracks formed on H-free DLC- 
coated disk after unelectrified and electrified tests. Without electrifica- 
tion, the wear damage is essentially nil or non-existing, while under 
electrified sliding condition, the wear damage is rather severe and the 
coating appears to have been totally removed from the rubbing surface 
area as in dry sliding (see Fig. 4). 

In an effort to understand the chemical and/or tribochemical 
changes taking place on sliding surfaces, we have performed extensive 
Raman Spectroscopy studies on all test samples and the results of these 
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Fig. 3. Typical coefficients of friction observed under unelectrified and electrified dry sliding conditions for: (a) Steel; (b) H-DLC; (c) H-free DLC test pairs. 
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Fig. 4. SEM images of the wear tracks produced on the H free-DLC disc samples by dry condition under: (a) unelectrified condition; (b) electrified condition. 
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Fig. 5. Tribological results for the steel, H-DLC and H-free DLC samples under unelectrified and electrified lubricated conditions: (a) coefficient of friction; (b) wear 
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Fig. 6. CoF behavior obtained by unelectrified and electrified lubricated testing for: (a) Steel; (b) H-DLC; (c) H-free DLC. 


are presented in Fig. 8. Fig. 8a shows the Raman spectra of rubbing 
surfaces subjected to dry sliding tests. For steel/steel test pair, the 
spectra for both unelectrified and electrified cases showed Raman bands 
close to 227, 293, 409, 658 and 1320 cm, which corresponded to iron 
oxide compounds, specifically hematite («-Fe203) [35]. It is noteworthy 
that those peaks from the electrified test cases exhibited much higher 
intensity, suggesting that the degree of oxidation or oxide film formation 
was perhaps much higher. For H-DLC/H-DLC test pair, the spectra for 
both unelectrified and electrified conditions were almost similar. They 
consisted of broad peaks at about 1300 and 1550 cm’! (corresponding to 
the typical D and G bands of amorphous H-DLC [35]). As for H-free DLC, 
the spectrum for unelectrified condition consisted also of a peak with a 


smaller intensity (appearing as a shoulder) near 1300 and a large peak at 
about 1550 cm. Most interestingly, for the cases involving an electri- 
fied test condition, there were peaks at about 227, 293, 409 and 658 
cm”, and two other broad bands in the region of 1300-1350 cm™ and 
1550-1580 cm”. These peaks and bands may be associated with the iron 
oxide formation on the substrate because the H-free DLC coating was 
worn out from rubbing surface area due to excessive wear. However, the 
two broad bands at 1300-1350 cm? and 1550-1580 cm’! can be also 
ascribed to some graphitic or graphitized products resulting from 
electrification. 

For the cases of lubricated tests, it is evident from the H-free DLC 
spectra in Fig. 8b that the broad bands near the 1300 and 1550 cm’! are 
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Fig. 8. Raman spectra obtained for unelectrified and electrified sliding tests under: (a) dry condition; (b) lubricated condition. 


shifted to two distinct peaks at about 1350 and 1580 cm™ plus a new 
peak at around 2700 cm’ also appeared for electrified tests. These peaks 
are typical of the structural chemistry of graphite [36,37]. It means that 
electrification applied during the sliding test was able to transform the 
H-free DLC structure to a graphite structure, which has much lower 
hardness and hence can easily be removed under high-pressure and shar 
condition of sliding contact. This can explain the dramatic increase in 
their wear of H-free DLC caused by electrification. 

One more anomaly with respect to H-free DLC coatings was that the 
presence of some microscopic phases or discrete darker contrasting spots 
within its original structure showing highly-graphitic structural chem- 
istry. Fig. 9 shows the optical image and Raman spectrum of such a spot 
found on a H-free DLC coating. It is possible that highly graphitic nature 
of such spots throughout the H-free DLC films could potentially act as 
short circuits or electrical discharge channels during electrified tests 
triggering further graphitization by Coulomb heating and thus acceler- 
ating the wear of H-free DLC films under electrification. Raman spec- 
trum of H-free DLC away from such dark spots or phases was very 
different as shown in Fig. 9. It has been well-documented that during 
deposition of such films in arc-PVD, some of the material is emitted or 
ejected from the graphite cathodes as small clusters or microparticles. 
They are then carried through the plasma and eventually deposited on 
the substrates along with the real or actual H-free DLC [38]. It is possible 
that such second phases seen in the inset for H-free DLC films in Fig. 9 
may have originated from such clusters or microparticles dislodged from 
the graphite target and subsequently deposited with the actual DLC film. 
Obviously, such structural inhomogeneities or defects was very 
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Fig. 9. Raman spectrum and microscopic image of a dark spot scattered 
throughout the H-free DLC films. 


detrimental to the wear performance of H-free DLC coated test samples 
under electrified test conditions. Under unelectrified sliding, the wear 
performance of H-free DLC was exceptional since essentially no wear 
had occurred as was shown in Figs. 5b and 7a. 

Moreover, although we did not measure contact temperature during 
the tests, we could observe an increase in temperature in both dry and 
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lubricated conditions for all the electrified cases. We ascribe this tem- 
perature increase to heating caused by electrical contact resistance 
(which is different for each interface), multiple electric arcs produced at 
the interface by asperities collisions/interactions during sliding, and 
friction. The investigation of the effects of heat caused by electrification 
on the tribological performance of the interfaces is topic of ongoing 
research in our group. 


4. Conclusions 


Based on the surface analytical and tribological results of this study, 
we can conclude the following. 


(1) Electrification or passing electricity across the sliding contact 
interface can impact friction and wear behavior of uncoated and 
DLC-coated steel test pairs under both dry and lubricated test 
conditions. 

(2) Effect of electrification on friction seems marginal; it slightly 
increased friction of uncoated steel test pairs during dry sliding 
but decreased it a bit during lubricated sliding. While an opposite 
trend was seen in the cased of DLC-coated test pairs. Their friction 
decreased slightly under dry sliding conditions upon electrifica- 
tion but increased under lubricated conditions. 

(3) Effect of electrification on wear was rather dramatic in both un- 
coated and H-free DLC coated test pairs. Their wear volumes 
increased substantially under electrification. In particular, the 
wear of H-free DLC was catastrophic as the coating was totally 
removed from sliding surfaces. 

(4) H-DLC coated test pairs showed very little or no change in their 
CoF and wear behaviors or volumes due to electrification in 
comparison to H-free DLC. Hence, considering these two DLC 
coatings, H-DLC may be the most effective option for suppressing 
tribological failures in tribological elements subjected to elec- 
trical discharges in electric vehicles. 

(5) Raman spectroscopy confirmed major chemical and structural 
changes occurring during electrification especially base uncoated 
steel and H-free DLC coatings. Specifically, degree of oxidation on 
steel surfaces increased under electrification and in the case of H- 
free DLC, the coating on rubbing surface area appeared to have 
undergone graphitization and was hence totally removed from 
the wear track. The pre-existence of some graphitic phases or 
microdroplets may have also played some roles in the accelerated 
graphitization process of the whole coating. 
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